Global change leads to a multitude of simultaneous modifications in the marine realm among which shoaling of the upper mixed layer, leading to enhanced surface layer light intensities, as well as increased carbon dioxide (CO 2 ) concentration are some of the most critical environmental alterations for phytoplankton. In this study, we investigated the responses of growth, photosynthetic carbon fixation and calcification of the coccolithophore Gephyrocapsa oceanica to elevated P CO2 (51 Pa, 105 Pa, and 152 Pa) (1 Pa 10 latm) at a variety of light intensities (50-800 lmol photons m 22 s 21 ). By fitting the light response curve, our results
showed that rising P CO 2 reduced the maximum rates for growth, photosynthetic carbon fixation and calcification. Increasing light intensity enhanced the sensitivity of these rate responses to P CO2 , and shifted the P CO2 optima toward lower levels. Combining the results of this and a previous study (Sett et al. 2014 ) on the same strain indicates that both limiting low P CO 2 and inhibiting high P CO 2 levels (this study) induce similar responses, reducing growth, carbon fixation and calcification rates of G. oceanica. At limiting low light intensities the P CO 2 optima for maximum growth, carbon fixation and calcification are shifted toward higher levels. Interacting effects of simultaneously occurring environmental changes, such as increasing light intensity and ocean acidification, need to be considered when trying to assess metabolic rates of marine phytoplankton under future ocean scenarios.
Atmospheric carbon dioxide (CO 2 ) concentrations are projected to increase from about 40 Pa (1 Pa 10 latm) in 2013 beyond 75 Pa by the end of this century (IPCC 2013) . Until today about one third of all anthropogenic CO 2 emissions have been absorbed by the ocean (Sabine et al. 2004 ). Increasing seawater CO 2 forms carbonic acid leading to a reduction in seawater pH. The pH of oceanic surface seawater is projected to decrease by 0.3-0.4 units within the next 100 yr (Houghton et al. 2001) , representing a 100-150% increase in the proton concentration ([H 1 ]). These changes in CO 2 and [H 1 ] can have positive effects for some phytoplankton functional groups while effects can be negative for others (Riebesell 2004) . Global warming, associated with increasing atmospheric CO 2 levels, enhances vertical stratification of the water column and decreases mixing between the surface ocean and deeper layers (Bopp et al. 2001 ). This expected shoaling of the upper mixed layer increases the average light intensity experienced by phytoplankton suspended in this layer (Sarmiento et al. 2004 ). Elevated light intensity may accelerate growth rates of some phytoplankton groups, while it might be stressful to others (Merico et al. 2004 ). When solar irradiance exceeds the capacity of common protective mechanisms, growth and electron transport rates of phytoplankton can be reduced . Depending on their photosynthetic apparatus, phytoplankton differ in their ability to cope with excess light intensities (Kaeriyama et al. 2011) .
Most microalgae have developed energetically costly CO 2 -concentrating mechanisms (CCMs) to avoid inorganic carbon limitation at the site of fixation (Giordano et al. 2005) . CCMs involve the active uptake of CO 2 and/or HCO 2 3 into the algal cell and/or the chloroplast. Given that the operation of CCMs is energetically costly, light availability may affect the activity of CCMs and the activity of CCMs may affect the energy reallocation in phytoplankton (Giordano et al. 2005) . Energy saved from the down-regulation of CCMs in response to elevated CO 2 permits utilization in other processes such as growth or enzyme synthesis (Schippers et al. 2004; McCarthy et al. 2012) .
Coccolithophores play an important role in the marine carbon cycle through the fixation of inorganic carbon via photosynthesis, as well as the precipitation of calcium carbonate (Rost and Riebesell 2004) . Coccolith formation has been suggested to reduce the risk of photo-damage of coccolithophores under high light conditions either by shading the cells like a sunshade (Braarud et al. 1952) or by contributing to excess energy dissipation (Barcelos e Ramos et al. 2012; Xu and Gao 2012) . Declining pH generally reduces calcification rates (Bach et al. 2011; Riebesell and Tortell 2011) , which may then put the cells at higher risk to suffer from photo-inhibition.
In this study, we investigated the combined effects of three P CO2 levels and six light intensities on the cosmopolitan coccolithophore Gephyrocapsa oceanica. We measured the relative electron transport rate (rETR), growth rate, as well as carbon fixation and calcification rates to assess how light intensity modulates the effect of increasing P CO2 on these parameters in G. oceanica.
Methods

Experimental setup
Gephyrocapsa (Guillard and Ryther 1962) , 10 nmol kg 21 SeO 2 (Danbara and Shiraiwa 1999) , and 2 mL kg 21 of sterile filtered (0.2 lm pore size, Sartobran V R P 300, Sartorius) North Sea water to prevent possible trace metal limitation during culturing. Enriched ASW was aerated for 48 h at 208C (0.2 lm pore size, Midisart V R 2000 PTFE, Sartorius) with air containing 40, 84 or 112 Pa P CO 2 (ALPHAGAZ TM ). The dry air/CO 2 mixture was humidified with Milli-Q water before aeration into the ASW to minimize evaporation. After aeration, the ASW medium was sterile-filtered (0.2 lm pore size, Sartobran V R P 300, Sartorius) with gentle pressure and carefully pumped into autoclaved 0.5 L or 2 L polycarbonate bottles (Nalgene V R Bottles). Samples to assess carbonate chemistry conditions at the beginning of the experiment (total alkalinity (TA) and dissolved inorganic carbon (DIC) analysis) were taken from the sterile-filtered medium. 0.5 L bottles were used to acclimate cells to experimental conditions for 7-9 generations (one replicate, maximum final cell number in these acclimation cultures were 23,000 cells mL 21 ).
Depending on growth rate, acclimation time was between 9 (slowest growth) and 4 (fastest growth) days. The main experiment culture was conducted in 2 L bottles (four replicates). The initial cell concentrations in the main experiment culture and in the pre-culture were about 220 cells mL
21
. Bottles for both the acclimation culture and the main experiment were filled with ASW medium leaving a minimum headspace of less than 1% to keep gas exchange at a minimum. Cells were transferred from 0.5 L to 2 L bottles at the same time. The volume of the inoculum was calculated (see below) and the same volume of ASW was taken out from 2 L bottles before inoculation. All culture bottles were stored at the experimental temperature of 208C for 3 or 4 d prior to inoculation. Culture bottles were manually rotated twice a day at 5 h and 12 h after the onset of the light phase to reduce sedimentation of the cells.
Carbonate chemistry measurements
Samplings started 3 h after the onset of the light period and lasted no longer than 2 h. Dissolved inorganic carbon (DIC) samples were sterile filtered (0.2 lm pore size, Filtropur S 0.2, Sarstedt) by gentle pressure into 50 mL Duran Winkler flasks (Schott). The bottles were filled with samples from bottom to top and with overflow, tightly closed without headspace, and stored at 48C. DIC concentrations were measured by an infrared CO 2 analyzer system (Automated Infra Red Inorganic Carbon Analyzer, Marianda). Samples for total alkalinity (TA) measurements were filtered with GF/F filters (0.7 lm nominal pore size, Whatman), poisoned with a saturated HgCl 2 solution (0.5& final concentration), and stored at 48C. TA was measured in duplicate by open-cell potentiometric titration using a 862 Compact Titrosample (Metrohm) according to Dickson et al. (2003) . DIC and TA samples were collected and measured before and at the end of incubations. Measurements of DIC and TA were corrected with certified reference material (Batch 115, Prof. A. Dickson, La Jolla, California) . The carbonate system was calculated from TA, DIC, phosphate, temperature, and salinity using the CO2 System Calculations in MS Excel software (Pierrot et al. 2006 ) with temperature and salinity dependent stoichiometric equilibrium constants K 1 and K 2 for carbonic acid taken from Roy et al. (1993) .
Photosynthetic measurements
The effective quantum yield of photosystem II (PSII) of algae samples was assessed using a Phytoplankton Analyzer PHYTO-PAM (Heinz Walz GmbH) 5 h after the onset of the light phase. Samples were kept in the dark for 15 min at room temperature (about 208C). Gain setting was adjusted with algae sample via the Auto-Gain function and the effect of background signal was suppressed with the help of the Zero Offset function with filtered culture water. Schreiber et al. (1995) , where: 
where yield (F v /F m ) is defined as the ratio of photons emitted to photons absorbed by PSII (Schreiber et al. 1995) . Implicit in this equation is the assumption that half of the quanta of the incident PAR are distributed to PSII and 84% of incident PAR is absorbed by photosynthetic pigments in a standard leaf (Bj€ orkman and Demmig 1987) . Photosynthesis vs. irradiance curves (P-I curves) were obtained by plotting calculated rETR vs. corresponding PAR values. P-I curve fitting was performed using a theoretical light response function according to a modified version of the photosynthesis model of Eilers and Peeters (1988) .
where the coefficients a, b and c are fitted in a least square manner. The model of Eilers and Peeters can be easily interpreted algebraically. At low light intensity, b 3 PAR and a 3 PAR 2 can be neglected and y (ETR) increases approximately linearly with light intensity. At high light intensity, a 3 PAR 2 dominates and thus y (ETR) is inversely proportional to the light intensity. The initial slope of the light limited part of the P-I curve constitutes a measure of the quantum yield of electron transport, indicated as alpha, which was calculated as:
The maximum value (Y max ) of rETR was calculated as:
Here, Y max shows the saturation level of rETR (rETR max ). Saturation light intensity I k corresponds to the PAR value at the crossing point of the lines defined by the initial slope and rETR max . I k is calculated from the expression rETR max /alpha and is characteristic for the onset of light saturation.
Growth rate measurements
At the end of incubations, about 25 mL samples were taken from the culture bottles at the same time, 7 h after the onset of the light phase. Cell numbers were determined using a Z2 Coulter Particle Counter and Size Analyzer (Beckman). Growth rate (l) was calculated for each replicate according to the equation:
where N 0 and N 1 are cell numbers at the beginning and the end of a growth interval, and d is the duration of the growth period in days.
Particulate organic (POC) and inorganic carbon (PIC) measurements Samples for total particulate carbon (TPC) and particulate organic carbon (POC) were gently filtered (200 mbar) onto pre-combusted (5008C, 8 h) GF/F filters and stored in the dark at 2208C. Prior to the measurement, POC filters were fumed with 37.1% HCl (w/w) for 2 h to remove all inorganic carbon. After 8 h of drying at 608C, TPC and POC were measured using an isotope ratio mass spectrometer (Thermo Finnigan MAT 253 GmbH). Particulate inorganic carbon (PIC) was calculated as the difference between TPC and POC. POC and PIC production rates were calculated as:
Data analysis Growth, POC and PIC production rates as a function of light intensity (PAR) were fitted at each P CO 2 level (51 Pa, 105 Pa, and 152 Pa) with the model of Eilers and Peeters (1988) (Eq. 2). The theoretical maximum rates for growth, POC and PIC production are calculated according to Eq. 4. Conversely, we fitted growth, POC and PIC production rates at each light intensity as a function of P CO 2 using the modified Michaelis-Menten equation:
derived by Bach et al. (2011) . Here, s is the constant which describes the negative effect of increasing [H 1 ] (which is quasi proportional to P CO 2 at constant TA). y is growth, POC or PIC production rate at a certain P CO2 level. X and Y are random fit parameters which can be converted to the Michaelis-Menten parameters V max and K 1=2 with a mathematical procedure described in Bach et al. (2011) . The underlying assumption implicit in this equation is that growth, POC and PIC production rates follow an optimum curve over a broad range of P CO 2 values at constant TA, which has been shown for a variety of coccolithophore species (Langer et al. 2006; Bach et al. 2011; Sett et al. 2014; Bach et al. 2015) .
The effect of the P CO 2 treatment on V max was determined by means of a one-way analysis of variance (ANOVA). A twoway ANOVA was used to determine the main effect of P CO 2 and light treatments and their interactions for these variables. A Tukey Post hoc test was performed to identify the source of the main effect determined by ANOVA. Normality of residuals was tested with a Shapiro-Wilk's test. Levene's test was conducted graphically to test for homogeneity of variances in case of significant data. A generalized least squares (GLS) model was used to stabilize heterogeneity if variances were inhomogeneous. All statistical calculations were performed using R version 2.15.2.
Results
Carbonate chemistry
All parameters (measured and calculated) of the carbonate system are presented in Table 1 . Air pressure in the headspace of the 10 L bubbling bottles was about 25-35% higher than one standard atmosphere, leading to higher P CO 2 levels in air-saturated ASW than targeted P CO 2 . After aerating for 48 h at about 40, 84, and 112 Pa P CO2 , the P CO2 levels of the 
Growth rates
Light intensities and P CO2 levels significantly affected growth rates in G. oceanica, both individually as well as interactively (Table 2) . At a P CO 2 of 51 Pa, growth rates of G. oceanica increased with increasing light intensity until 800 lmol photons m 22 s
21
. At higher P CO 2 levels, however, growth rates only increased until 400 lmol photons m 22 s 21 and slightly declined thereafter (Fig. 1A) . At 50 lmol photons m 22 s
, growth rates of G. oceanica were similar at the three P CO 2 levels (Tukey Post hoc, p > 0.1). At 100 lmol photons m 22 s
, growth rate at 105 Pa P CO2 was higher than at 51 and 152 Pa P CO 2 (Tukey Post hoc, p < 0.001) ( Fig. 1; Table 3 ). At 200 lmol photons m 22 s 21 and above, growth rates decreased with elevated P CO 2 levels (Tukey Post hoc, all df 5 2, all p < 0.001) ( Fig. 1 ; Table 3 ). Fitted maximum growth rates declined significantly with rising P CO 2 levels (one-way ANOVA, F 5 3836, df 5 2, p < 0.001; Tukey Post hoc, df 5 2, p < 0.001) ( Fig. 1A ; Table 4 ).
rETR max , alpha and I k We identified statistically significant effects of light intensity, P CO 2 level and their interaction also on rETR max , alpha and I k (Table 2). rETR max followed the same pattern as described for growth rate in the previous section. At 51 Pa, rETR max of G. oceanica increased with increasing light radiation until 800 lmol photons m 22 s
. At higher P CO 2 levels, however, rETR max increased only until 400 lmol photons m 22 s 21 or 600 lmol photons m 22 s 21 and decreased significantly thereafter ( Fig. 2A ; Increasing light intensity resulted in a relatively constant decrease in alpha (Fig. 2B) . The decline of alpha from lowest to highest light intensities was 23%, 32%, and 57% for 51 Pa, 105 Pa, and 152 Pa, respectively (Tukey Post hoc, all df 5 1, all p < 0.001) (Fig. 2B) , I k at 51 Pa P CO 2 was lower than at 105 and 152 Pa P CO 2 treatments (Tukey Post hoc, both df 5 1, both p < 0.05). At 800 lmol photons m 22 s
, I k increased significantly with elevated P CO 2 (Tukey Post hoc, df 5 2, p < 0.01). It seems that the positive effect of P CO 2 treatment on I k was also amplified by increasing light intensity (Fig. 2C) . 
POC production rate
Both, changing carbonate chemistry conditions and light intensity independently and interactively affected POC production rates (Table 2 ). POC production rates increased significantly at 51 Pa and 105 Pa with increasing light intensity until 400 lmol photons m 22 s
21
. At 51 Pa, POC production rates did not show a significant difference at 400-800 lmol photons m 22 s 21 (Tukey Post hoc, df 5 1, p > 0.1) (Fig. 3A) . (Fig. 3A) . At 50 lmol photons m 22 s 21 , POC production rates did not show any difference at the three P CO 2 treatments (Tukey Post hoc, all df 5 2, p > 0.1) (Fig. 3A,B) . At 100-800 lmol photons m 22 s
, POC production rates at high P CO 2 were lower than at intermediate P CO 2 (Tukey Post hoc, all df 5 1, p < 0.05 at 100, 200, 400, and 600 treatments; p > 0.05 at 800 treatment). At 400 lmol photons m 22 s 21 , 600 lmol photons m 22 s
, and 800 lmol photons m 22 s
, POC production rates at intermediate P CO 2 were significantly lower than at low P CO2 (Tukey Post hoc, all df 5 1, p < 0.05). Maximum POC production rates at 51 and 105 Pa P CO 2 were not significantly different (Tukey Post hoc, df 5 1, both p > 0.05), and were higher than that at 152 Pa P CO 2 (Tukey Post hoc, df 5 1, both p < 0.001) ( Table 4) .
PIC production rate
Both, changing carbonate chemistry conditions and light intensity independently and interactively affected PIC production rates ( both p > 0.05) ( Fig. 3C,D ; Table 3 ). At 100-800 lmol photons m 22 s 21 , PIC production rates decreased by 27-56% at 105
Pa, and by 65-80% at 152 Pa in comparison to 51 Pa (Tukey Post hoc, all df 5 1, all p < 0.001). Light intensity had a positive effect on calcification rates at 51 and 105 Pa P CO 2 levels ( Fig. 3C; Table 3 ). At 51 Pa P CO 2 , calcification rates were enhanced by about 4.5 times with enhanced light radiation until 800 lmol photons m 22 s
21
. At 105 Pa P CO 2 , PIC production rates only increased until 100 lmol photons m 22 s 21 but stayed constant with a further increase in light intensity (Tukey Post hoc, df 5 4, all p > 0.05). At 152 Pa P CO 2 , PIC production rates did not show significant differences among six light treatments (Tukey Post hoc, df 5 5, all p > 0.05). Maximum PIC production rates declined significantly with rising P CO 2 levels (one-way ANOVA, F 5 484, df 5 2, p < 0.001; Tukey Post hoc, df 5 2, p < 0.001) ( Table 4) .
PIC : POC ratio and POC : PON ratio
Both, changing carbonate chemistry conditions and light intensity independently and interactively affected PIC : POC ratio and POC : PON ratio (Table 2) . At each light treatment, PIC : POC ratios at 51 Pa P CO 2 were significantly higher than at 105 and 152 Pa P CO 2 (Tukey Post hoc, df 5 1, p < 0.05) (Fig. 3E ). Significant differences in PIC : POC ratios between 105 Pa and 152 Pa P CO2 were found at 100 lmol photons m 22 s
21
, 400 lmol photons m 22 s
, and 600 lmol photons m 22 s 21 (Tukey Post hoc, all df 5 1, all p < 0.01). There was no obvious trend between PIC : POC ratio and light intensity. Both, elevated P CO2 and higher light intensity reduced POC : PON ratios (Tukey Post hoc, df 5 1, p > 0.05) (Fig. 3F) . At 51 Pa P CO 2 , POC : PON ratios at 50 lmol photons m 22 s 21 and 100 lmol photons m 22 s 21 were slightly higher than at other treatment conditions (Tukey Post hoc, all p > 0.05) ( Table 3) .
Discussion
Changing carbonate chemistry modulates the light responses of photosynthetic carbon fixation, calcification and growth rates POC production and growth rates of marine phytoplankton usually increase with increasing light intensity, level off at saturating light intensities and then decline again at inhibiting light levels (e.g., Geider et al. 1997; Gao et al. 2012 ; Fig. 4A ). By fitting the light response curve given in Eq. 2 to our data, we found that rising P CO 2 reduced the maximum rates of growth and photosynthetic carbon fixation (Figs. 1A, 3A ; Table 4 ). Presumably, rising P CO 2 could reduce the need for CCM activity thereby saving energy (Raven 1991; Hopkinson et al. 2011; McCarthy et al. 2012 ). In our case, the lower potential for energy dissipation toward higher P CO 2 (lower CCM activity) may exacerbate photo inhibition thereby explaining the reduced growth and POC production rates (Figs. 1, 3) .
Another reason for higher growth and POC production rates at lower P CO 2 and increasing light intensities (Figs. 1B,  3B ) may be that increasing light intensities facilitate the operation of CCMs (Rokitta and Rost 2012 ) thereby enabling cells to satisfy their inorganic carbon requirements for POC (C) Saturation light intensity (I k ) as a function of light intensity. rETR max was calculated according to Eq. 4, alpha was calculated with Eq. 3, and I k was calculated from the expression rETR max /alpha. The values represent the mean of four replicates, with error bars representing 6 one standard deviation. Fig. 3 . Effects of light intensity and P CO2 level on POC and PIC production rates, PIC : POC ratio and POC : PON ratio of G. oceanica. Panels (A), (C), (E), (F) depict POC production rate, PIC production rate, PIC : POC ratio and POC : PON ratio as a function of light intensities at 51 (᭝), 105 (᭺) and 152 (᭞) Pa P CO2 . Panels (B), (D) show POC production rate and PIC production rate as a function of P CO2 at 50 lmol photons m production and growth rates already at lower P CO 2 levels. In fact, at high light intensity, high P CO2 grown cells were found to possess less photosystem I (PS1) per cell and keep a smaller proportion of PSII complexes open compared with low P CO 2 grown cells (Burns et al. 2006) . Lower PSI and PSII absorbance capacities for light in high P CO2 grown cells could also be expected to lead to lower POC production and growth rates. Furthermore, the proton concentration ([H 1 ]) in the cytosol of the coccolithophore Emiliania huxleyi was found to increase with increasing [H 1 ] in seawater (Suffrian et al. 2011) . Cells growing at high P CO 2 could suffer from the negative effect of high [H 1 ] on POC production (Bach et al. 2011 ) even more so as this effect may be exacerbated by high light intensities (Ihnken et al. 2011) . Calcification is an energy-dependent process and often reduced in coccolithophores at P CO 2 levels projected for the end of this century (Riebesell and Tortell 2011; Meyer and Riebesell 2015) . However, only some studies focussed on the interactive effects of CO 2 concentration and light intensity on coccolithophore calcification (Zondervan et al. 2002; Feng et al. 2008; Gao et al. 2009; Rokitta and Rost 2012) . In this study, a increasing light intensity accelerated calcification rates strongly at lower P CO2 whereas this positive effect was absent at higher P CO2 (Fig. 3C) , similar to growth and photosynthetic carbon fixation rates. This supports earlier findings that the sensitivity of calcification rates to light intensity can be modulated by carbonate chemistry (Zondervan et al. 2002; Feng et al. 2008; Gao et al. 2009; Rokitta and Rost 2012) . The underlying physiological explanation could be that at limiting light intensity, light is the dominant factor determining the calcification rate and differences in carbonate chemistry conditions are presumably less important. This can be seen at the lowest light intensity in this study (50 lmol photons m 22 s
21
), where PIC production rates did not show a significant difference among the three P CO 2 treatments (Fig. 3D) . At saturating light intensity, however, differences in CO 2 or H 1 apparently induce a significant effect on calcification rates (Feng et al. 2008) . For P CO2 levels lower than 29 Pa, Sett et al. (2014) concluded that POC and PIC production and growth rates in the same G. oceanica strain were limited by inorganic carbon availability. Although such low P CO 2 levels were not included in our study, by fitting the light response curves (Figs. 1A , 3A,C) we conclude that both limiting low P CO 2 and inhibiting high P CO 2 levels reduce the maximum values for photosynthetic carbon fixation, calcification and growth rates of coccolithophores ( Fig. 4A ; Table 4 ).
Rising P CO 2 and increasing light intensity synergistically alter the electron transport rate in the light reaction rETR is a measure for photosynthetic efficiency (Schreiber et al. 1995) . To acclimate to high irradiances, phytoplankton cells regulate the photosystem stoichiometry (PSI : PSII) by lowering the amount of photosystem I (PSI) reaction centers relative to PSII complexes (Sonoike et al. 2001 ). Here we found that the rETR max response of G. oceanica ( Fig. 2A) to high light intensities was depending on the incubation P CO 2 which implies that different P CO 2 levels induced changes in PSI : PSII. A study by Burns et al. (2006) revealed that at high light intensity, low P CO2 grown cells contained significantly more PsaC protein (core subunit of photosystem I) in the PSI complex than high P CO 2 grown cells. Furthermore, Burns et al. (2006) found that across the range of growth irradiances, PsaC : PSII absorbance capacity (an indicator of PSI content relative to the capacity of PSII to capture light energy) increased in low P CO 2 grown cells, whereas they slightly decreased in high P CO2 grown cells. Thus, the observed reduction in rETR max with increasing P CO2 at high light intensities may be due to lower PSI : PSII.
Phytoplankton can alter light absorption for photosynthesis to enable acclimation over a wide range of irradiances (Henriksen et al. 2002) . Algae tend to reduce the Fig. 4 . Conceptual drawing for the interactive effects of light intensity and P CO2 level on the performance (representing growth, photosynthetic carbon fixation, and calcification) of G. oceanica. (A) The modulating effect of P CO2 on the light response curve. Maximum rates at limiting low P CO2 and inhibiting high P CO2 are lower than at optimum P CO2 . (B) The modulating effect of light intensity on the P CO2 sensitivity. Limiting low light intensity shifts the P CO2 optimum toward higher level and reduces the maximum rate.
pigment contents such as chlorophyll a, carotenoids or fucoxanthin in antenna systems to prevent excessive energy to be transferred to PSII reaction centres (Henriksen et al. 2002; Barcelos e Ramos et al. 2012) . At 50 lmol photons m 22 s 21 in this study, the quantum yield of PSII (F v /F m , the ratio of photons transferred in the ETR to photons absorbed by PSII) at 152 Pa was only 6% lower than at 51 Pa. However, at 800 lmol photons m 22 s 21 the quantum yield of PSII at 152 Pa was 30% lower than at 51 Pa (data not shown). This indicates that high light intensity and high P CO 2 may synergistically reduce the quantum yield of PSII (the maximum efficiency of PSII), which leads to large diminution in alpha at high P CO 2 and high light conditions (Fig. 2B) .
Light intensity modulates the P CO 2 sensitivity of photosynthetic carbon fixation, calcification and growth rates Physiological responses to a broad range of P CO 2 levels of coccolithophores investigated in this respect so far displayed optimum curve patterns (Langer et al. 2006; Bach et al. 2011 Bach et al. , 2015 Sett et al. 2014; M€ uller et al. 2015) . Growth and production rates of POC and PIC increase with increasing P CO 2 levels, reach a maximum, and then decline linearly with further P CO 2 (proton concentration ([H 1 ])) increase (Bach et al. 2011; Sett et al. 2014; Bach et al. 2015 ; Fig. 4B ). The CO 2 and HCO -3 availability was identified as the factor responsible for the observed decline of growth and production rates toward the left side of the optimum, the proton concentration ([H 1 ]) was the driving factor toward the right side of the optimum (Bach et al. 2011 (Bach et al. , 2015 . The sensitivities of these rates to inorganic carbon availability and H 1 were clearly modulated by light intensity (Figs. 1B, 3B,D) . Light availability is likely to affect the supply of inorganic carbon to photosynthesis, calcification and growth in general (Zondervan et al. 2002; Barcelos e Ramos et al. 2012; Rokitta and Rost 2012) .
We did not directly determine the P CO2 optimum for PIC production rates in this study as our treatment levels were limited. Sett et al. (2014) , however, found that the P CO 2 optimum for calcification in the same G. oceanica strain was at about 29 Pa at 208C and 150 lmol photons m 22 s
. According to this, the lowest P CO2 level applied in our study (51 Pa) was too high to detect the optimum of the G. oceanica P CO2 response curve. Nevertheless, assuming an optimum curve response and using the model described in Bach et al. (2011) as given in Eq. 8, the optimum P CO 2 for photosynthetic carbon fixation, calcification and growth rates shift toward lower levels with increasing light intensities (Figs. 1B, 3B ). This is in line with findings by Rokitta and Rost (2012) who showed that the half-saturation DIC concentrations for carbon fixation of the calcifying algae E. huxleyi were 111 lmol kg 21 at 50 lmol photons m 22 s 21 and 20 lmol kg 21 at 300 lmol photons m 22 s
. The reasons for the shift could be that higher light intensities provide more energy to allow for higher CCM activity which would help to overcome carbon limitation at lower P CO2 levels (McGinn et al. 2003; Rokitta and Rost 2012) . Following the growth rate response to light intensity shown in Fig. 1A , growth rate is expected to decrease toward increasingly inhibiting high light intensities beyond the measurement range of 800 lmol photons m 22 s
. If growth rates would drop more pronounced at low than at high P CO2 levels, the P CO2 optimum for growth shown in Fig. 1B is expected to be higher at inhibiting high light than at optimum light intensity.
Based on the results of this and other studies (Zondervan et al. 2002; Rost et al. 2003) , we conclude that the optimum P CO 2 levels for growth, POC and PIC production rates at limiting low light are higher than at optimum light intensities (Figs. 1B, 3B,D, 4B) . Furthermore, the maximum values for these rates are lower at limiting low light than at optimum light intensities (Fig. 4B) .
In an earlier study with E. huxleyi, Rokitta and Rost (2012) put forward a light dependent model suggesting that the rate of a physiological process is governed primarily by light intensity, and changes in P CO 2 levels will exacerbate or weaken the effects of light intensity on this rate. Our data supported the light dependent model (Figs. 1, 3) . However, Rokitta and Rost (2012) found that the sensitivities of POC and PIC production rates of E. huxleyi to high P CO 2 are stronger at 50 lmol photons m 22 s 21 than at 300 lmol photons m 22 s
, whereas we observed a stronger effect of high P CO2 on POC and PIC production rates at 600-800 lmol photons m 22 s 21 compared with 50 lmol photons m 22 s 21 (Fig. 5 ).
This discrepancy is possibly due to the variable sensitivities of E. huxleyi and G. oceanica to light and P CO 2 .
The results of our study show that increasing light intensity decreases the P CO 2 optima for carbon fixation, calcification and growth rates of G. oceanica. In contrast, rising temperature had the opposite effect, increasing the P CO 2 optima for these rates (Sett et al. 2014) . These opposing trends are likely due to the fact that temperature primarily modulates carbon demand by accelerating metabolic activity, whereas light also affects carbon supply through energy provision to carbon uptake mechanisms. In the future ocean, both light intensity and temperature in the upper mixed layer will generally increase (Sarmiento et al. 2004; IPCC 2013) . How these combined effects will affect the competitive fitness of this and other coccolithophore species under future ocean scenarios is difficult to predict with the information presently available (Riebesell and Gattuso 2015) . It emphasizes the need for further investigation on the interacting effect of simultaneous modification of life-sustaining properties such as temperature, CO 2 , light, and nutrients in the marine environment.
